The inadvertent fusion of the bcr gene with the abl gene results in a constitutively active tyrosine kinase (Bcr-Abl) that transforms cells and causes chronic myelogenous leukemia. Small molecule inhibitors of BcrAbl that bind to the kinase domain can be used to treat chronic myelogenous leukemia. We report crystal structures of the kinase domain of Abl in complex with two such inhibitors, imatinib (also known as STI-571 and Gleevec) and PD173955 (Parke-Davis). Both compounds bind to the canonical ATP-binding site of the kinase domain, but they do so in different ways. As shown previously in a crystal structure of Abl bound to a smaller variant of STI-571, STI-571 captures a specific inactive conformation of the activation loop of Abl in which the loop mimics bound peptide substrate. In contrast, PD173955 binds to a conformation of Abl in which the activation loop resembles that of an active kinase. The structure suggests that PD173955 would be insensitive to whether the conformation of the activation loop corresponds to active kinases or to that seen in the STI-571 complex. In vitro kinase assays confirm that this is the case and indicate that PD173955 is at least 10-fold more inhibitory than STI-571. The structures suggest that PD173955 achieves its greater potency over STI-571 by being able to target multiple forms of Abl (active or inactive), whereas STI-571 requires a specific inactive conformation of Abl.
INTRODUCTION
Tyrosine kinases are a family of tightly regulated enzymes, and the aberrant activation of various members of this family is one of the hallmarks of cancer. In CML, 4 the Abelson tyrosine kinase is improperly activated by the accidental fusion of the bcr gene with the gene encoding the intracellular non-receptor tyrosine kinase, c-Abl. Wildtype c-Abl is a large (ϳ1150 residue) protein. The NH 2 -terminal half (ϳ530 residues) of c-Abl bears 42% sequence identity to the Src family of tyrosine kinases (excluding the NH 2 -terminal unique domain) and shares a similar domain organization, containing two modular peptide binding units (the SH2 and SH3 domains) followed by a tyrosine kinase domain. However, c-Abl is distinct from the Src kinases in that it lacks a critical tyrosine residue that follows the kinase domain of c-Src. Phosphorylation of this tyrosine residue results in the inactivation of the Src kinases. The COOH-terminal half of c-Abl contains DNA and actin-binding domains interspersed with sites of phosphorylation and other short recognition motifs, including proline-rich segments and nuclear localization signals (1) . Under normal conditions, c-Abl exists in a regulated state with very low kinase activity (2) . In CML, however, the fusion of Bcr to the NH 2 terminus of c-Abl results in the constitutive activation of Abl kinase activity by a mechanism that is not well understood. Bcr-Abl phosphorylates cellular proteins extensively and transforms cells, making them growth factor independent (3).
The catalytic domains of eukaryotic Ser/Thr and tyrosine kinases are highly conserved in sequence and structure. The kinase domain has a bilobal structure. The N-lobe contains a ␤-sheet and one conserved ␣-helix (helix C). The C-lobe is largely helical. At the interface between the two lobes, a number of highly conserved residues form the ATP-binding pocket and the catalytic machinery. Small molecule inhibitors of protein kinases that have been discovered to date almost invariably bind to the kinase domain at this interfacial cleft between the two lobes, displacing ATP.
Of importance for the development of treatments for CML are a number of small molecule compounds that can inhibit the tyrosine kinase activity of the Bcr-Abl protein with some degree of selectivity. A member of the class of 2-phenylaminopyrimidine compounds, STI-571 (originally called CGP57148B and now known as imatinib, Fig. 1a ), was identified in 1996 by Novartis and shows promise as a therapeutic agent (4, 5) . STI-571 has now been approved by the Food and Drug Administration for treatment of CML.
We have previously reported the crystal structure of the kinase domain of Abl complexed to a variant of STI-571 [AblK:STI-571 (variant)], lacking the piperazinyl group ( Fig. 1a ; Ref. 6) . The structure showed that STI-571 specifically recognizes an inactive and unphosphorylated conformation of Abl. An inactive conformation of the Abl kinase domain appears to be crucial to the selectivity of STI-571 because the observed conformation differs from the inactive conformations of other tyrosine kinases, such as the closely related Src kinases, against which STI-571 is inactive. The potency of STI-571 against the activated forms of Bcr-Abl presumably arises from the dynamic nature of kinase molecules, which can switch between inactive and active forms transiently, allowing STI-571 to gain entry.
It has been shown recently that a class of inhibitors based on the pyrido-[2,3-d]pyrimidine core compounds are also active against Abl (7). One such compound (PD173955; Parke-Davis) was shown to block cell proliferation and mitotic progression through inhibition of the Src family of tyrosine kinases (8) . In subsequent studies we have shown that PD173955 is effective at shutting down the kinase activity of Bcr-Abl with an IC 50 of 1-2 nM in vitro. Studies with PD173955 on Bcr-Abl-containing cell lines also reveal it to be a highly effective inhibitor, with IC 50 s ranging from 2 to 35 nM on CML cell lines (see Ref. 9) . Like STI-571, PD173955 is also a potent inhibitor of Kit ligand-dependent cell proliferation through inhibition of the receptor tyrosine kinase c-Kit (IC 50 , ϳ50 nM). Comparisons with STI-571 reveal that PD173955 is even more effective at shutting down the kinase activity of c-Abl. In contrast to STI-571, PD173955 is also a potent inhibitor of Src kinases (8) .
In this study, we report the crystal structure of the kinase domain of c-Abl bound to STI-571 (AblK:STI-571) and confirm that the essen-tial features of the recognition of the drug by Abl are as inferred earlier from the crystallographic analysis of the smaller STI-571 variant bound to Abl (6) . We also present the crystal structure of the Abl kinase domain in complex with PD173955 (AblK:PD173955). This structure reveals that whereas Abl is required to be in a specific inactive conformation to be inhibited by STI-571, PD173955 can probably recognize multiple conformations of the kinase, which is likely to contribute to its greater efficacy as an inhibitor.
MATERIALS AND METHODS
Protein Expression and Purification. The gene encompassing the kinase domain of murine c-Abl (residues 229 -515) was cloned into a plasmid in which a His 6 tag is fused to the NH 2 terminus of the protein (pFastbac Hta; Life Technologies, Inc.). Due to a cloning artifact, the construct contains an additional six amino acids (sequence GAMDPS) at the NH 2 terminus. This recombinant plasmid was transformed into Escherichia coli (DH10Bac) containing bacmid DNA and helper plasmid. After transposition between donor plasmid and bacmid has taken place (ϳ3-5 h), single colonies containing recombinant plasmid were identified and expanded. Bacmid DNA containing the Abl insert was isolated and transfected into Sf9 insect cells. Baculovirus obtained from the transfection was then used to infect Sf9 cells grown in suspension to a density of 2.5 ϫ 10 6 cells/ml at a multiplicity of infection of 10. Cells were grown for 48 h and centrifuged, and the pellet stored at Ϫ80°C. Cells were thawed, resuspended in buffer A [50 mM Tris-HCl (pH 8.0), 10% glycerol, and 15 mM ␤-mercaptoethanol] and lysed by sonication. The resulting suspension was diluted (1:2) and centrifuged at 18,000 rpm for 1 h. The supernatant was filtered and loaded onto a 65-ml Q-Sepharose ion-exchange column equilibrated in buffer A. Protein was eluted from the column with a linear salt gradient (0 -1 M NaCl). Fractions containing Abl protein (identified by anti-His 6 Western blot) were pooled and loaded onto a Ni-NTA column (Qiagen) equilibrated in 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 5% glycerol, 20 mM imidazole, and 5 mM ␤-mercaptoethanol. The protein was eluted with a linear imidazole gradient (20 mM to 1 M). Fractions containing Abl were pooled and incubated with Tobacco Etch Virus protease overnight at 4°C to cleave the His 6 tag from Abl. Next, inhibitor compound (PD173955 or STI-571) dissolved in DMSO was added at 3ϫ the molar protein concentration with constant stirring at 4°C. The inhibitor-protein complex was then concentrated and loaded onto a Sephadex 75 gel filtration column (HiLoad 16/60) equilibrated in 20 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 3 mM DTT. Abl:inhibitor complex-containing fractions were pooled and concentrated to ϳ10 mg/ml. YopH used for enzymatic analysis was expressed as a glutathione S-transferase-fusion protein in E. coli and purified on a glutathione S-transferase column.
Synthesis of STI-571 and PD173955. STI-571 and PD173955 were synthesized and purified in the Organic Synthesis Core Facility at Memorial Sloan-Kettering Cancer Center as described respectively in Ref. 10 and Ref. 11 . The compounds were dissolved as 20 mM aliquots in DMSO and stored at Ϫ80°C until needed.
Crystallization and Data Collection. Using the hanging drop vapor diffusion method (1 l of protein solution ϩ 1 l of reservoir solution) in a sparse matrix screen, crystals of the AblK:STI-571 complex grew in 25% (w/v) polyethylene glycol 4000, 100 mM MES/NaOH buffer (pH 6.5), and 0.2 M MgCl 2 at 4°C (space group F222 with a ϭ 112.9 Å, b ϭ 147.4 Å, and c ϭ 153.4 Å and two molecules in the asymmetric unit), and those of AblK:PD173955 grew in 12% (w/v) polyethylene glycol 20000 and 100 mM MES/NaOH buffer (pH 6.5) at 20°C (space group P2 1 2 1 2 with a ϭ 115.8 Å, b ϭ 125.7 Å, and c ϭ 56.7 Å and two molecules in the asymmetric unit). Crystals of AblK:PD173955 did grow under other conditions including a condition similar to that used to obtain the AblK:STI-571 crystals, but these crystals were not suitable for diffraction analysis. The crystal form for AblK: STI-571 is similar to that reported previously for the variant of STI-571 (6) . The crystals were cryoprotected with the addition of 20% (v/v) ethylene glycol or 20% glycerol (v/v) for AblK:STI-571 and AblK:PD173955, respectively. X-ray diffraction data were collected on crystals flash frozen in liquid propane stored in liquid nitrogen at the Advanced Light Source (beamline 5.0.2) for AblK:PD173955 and CHESS (beamline F1) for AblK:STI-571 (Table 1 ). All data were integrated and scaled with DENZO and Scalepack (12) .
Structure Determination and Refinement. The structure of AblK:STI-571 (PDB entry 1IEP) was solved by computing a difference Fourier electron density map after rigid-body refinement of the previously determined structure (PDB entry 1FPU), from which the inhibitor was removed. The structure of AblK:PD173955 (PDB entry 1M52) was solved by molecular replacement with the program AMoRe (13), using one molecule of Abl (PDB code 1FPU), without inhibitor, as a search model. Both models were subsequently refined with the program CNS (14) using simulated annealing, conjugate gradient least-squares minimization, and individual B-factor refinement with intervening rounds of manual model building using O (15) making extensive use of simulated annealing omit maps (Table 1 ). With AblK:PD173955, noncrystallographic symmetry restraints were maintained, and only 2 B-factors/residue were applied until the final round of refinement, at which point noncrystallographic symmetry restraints were released, and individual B-factors were refined. a R sym ϭ ͚ ͉ I Ϫ ͗I͘ ͉ / ͚ I, where I is the observed intensity of a reflection, and ͗I͘ is the average intensity obtained from multiple observations of symmetry-related reflections.
b rmsd, root mean squared deviation.
Kinase Assays. A continuous spectrophotometric kinase assay was used to measure the kinase activity of the catalytic domain of Abl. In this assay, ADP that is produced as a result of phosphorylation by the enzyme is coupled to the oxidation of NADH to NAD ϩ , which produces a decrease in absorbance at 340 nm (16) . The assays were carried out in 100 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 0.5 mM ATP, 1 mM phosphoenolpyruvate, 0.28 mM NADH, 89 units/ml pyruvate kinase, 124 units/ml lactate dehydrogenase, 4% DMSO, and 0.5 mM peptide substrate (AEEEIYGEFEAKKKKG) at 30°C in a 150-l reaction volume. Reactions were initiated by the addition of 10 nM pAbl to the mix containing varying amounts of STI-571 or PD173955. After the activity of pAbl was measured, 0.8 M YopH was added to measure the effect of the inhibitors on unphosphorylated Abl in situ. YopH treatment had no effect on the coupling enzymes in the assay, nor did it significantly change the basal activity of pAbl in the absence of inhibitors. Because our construct showed very inefficient autophosphorylation levels, we used Src to phosphorylate Abl on the activation loop (6, 17, 18) by incubating 1 M Abl with 50 nM activated c-Src (Life Technologies, Inc.) in buffer containing 100 mM Tris-HCl (pH 7.5), 30 mM MgCl 2 , and 10 mM ATP for 2 h at 4°C.
RESULTS AND DISCUSSION
Overall Features of the Structures. The three-dimensional structures of the kinase domain of Abl in complex with STI-571 and PD173955 were determined at 2.1 and 2.6 Å, respectively. Both structures are of the unphosphorylated form of Abl. In both crystal forms there are two independent molecules in the crystallographic asymmetric unit. The overall structure of the kinase domain in the two crystal forms is very similar, with the typical bilobal architecture that is conserved among eukaryotic Ser/Thr and tyrosine kinases. Residues 225-350 (mouse c-Abl spliceform I numbering) make up the N-lobe of the kinase, and residues 354 -498 comprise the C-lobe. The amino acid sequence of the catalytic domain of murine Abl differs from that of human Abl by one residue, a Ser (mouse) to Asn (human) substitution at position 336, on the surface of the C-lobe.
The Conformation of the Activation Loop Is Very Different in the STI-571 and PD173955 Complexes. There is one region in which the structure of the kinase domain differs markedly between the STI-571 and PD173955 complexes, and this is restricted to the activation loop (residues 381-402 in Abl), a centrally located regulatory element in protein kinases.
Whereas the conformations of protein kinases that are fully active are very similar, there are striking differences in various inactive conformations of kinases from different subfamilies (Fig. 2) . These differences include alterations in the interlobe orientation and the disposition of helix ␣C in the N-lobe. A crucial aspect of the conformational transition between the active and inactive states is the activation loop or segment, which is of varying length and sequence and is often the site of activating phosphorylation in the kinase domain.
In structures of protein kinases that are in a fully active state, the activation loop is in an extended or open conformation (19, 20) . There are two crucial aspects to this "active" conformation of the activation loop. First, an aspartic acid residue (Asp-381 in Abl) within a strictly conserved Asp-Phe-Gly (DFG) motif at the NH 2 -terminal base of the activation loop is positioned so as to interact properly with a magnesium ion that coordinates the phosphate groups of ATP. Second, the rest of the loop is positioned away from the catalytic center so that the COOH-terminal portion of the activation loop provides a platform for substrate binding.
In the structure of the AblK:STI-571 complex, the conformation of the activation loop is essentially the same as that seen in the previously determined structure of Abl complexed to the STI-571 variant (Ref. 6 ; Fig. 3A, left) . The NH 2 -terminal portion of the activation loop, including the DFG motif, is rotated drastically with respect to the active conformation, so that it is Phe-382 of the DFG motif that points toward the ATP binding site rather than Asp-381. As we discuss below, this altered conformation of Phe-382 is crucial for the proper binding of STI-571. The rest of the activation loop adopts a conformation in which the region surrounding Tyr-393 (the site of activating phosphorylation that is unphosphorylated in this structure) mimics a substrate binding to the enzyme, thereby blocking the active site.
In the AblK:PD173955 complex, most of the activation loop is in a conformation very similar to that seen in active protein kinases, leaving the catalytic center of the enzyme unblocked (Fig. 3A, right) . The conformation of the DFG motif is different from that seen in active kinases (Fig. 4B) , and it is likely that this is a consequence of the unphosphorylated state of the enzyme. Detailed examination of the structure (see below) indicates that the binding of PD173955 is insensitive to whether the activation loop is in the fully active conformation or not. This is in contrast to STI-571, whose binding to the kinase domain is blocked by the active conformation of the activation loop.
Structure of Abl Kinase Domain Bound to STI-571. STI-571 is derived from a 2-phenylaminopyrimidine scaffold. With reference to the orientation shown in Fig. 1a , STI-571 consists of the core scaffold (bold lines) plus a pyridine substituent on the bottom left side and a 
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on August 30, 2017. © 2002 American Association for Cancer cancerres.aacrjournals.org Downloaded from peptide bond followed by a phenyl ring and a piperazinyl ring to the right of the core. The drug is sandwiched between the N-and C-lobes of the kinase domain and penetrates through the central region of the kinase, from one side to the other (Fig. 3A, left) . Only the leftmost part of STI-571 (pyridine and pyrimidine rings) occludes the region where the adenine ring of ATP normally binds. The rest of the compound penetrates further into the hydrophobic core of the kinase and wedges itself between the activation loop and helix ␣C, freezing the kinase in an inactive conformation. In total, the compound makes six hydrogen bonds with the protein, and the majority of contacts are mediated by van der Waals interactions (Fig. 3B, left) . A total of 1251 Å 2 of surface area is buried between the drug and the protein.
The adenine group of ATP normally makes two hydrogen bonds with backbone atoms of the peptide chain connecting the N-and C-lobes of kinase domains (21) . The extracyclic amino group of ATP donates a hydrogen bond to the carbonyl oxygen of the residue corresponding to Glu-316 in Abl, and nitrogen N1 of the purine ring accepts a hydrogen bond from the amide nitrogen of residue Met-318. Many small molecule inhibitors of protein kinases are anchored to the kinase domain by a pair of hydrogen bonds that mimic those formed by adenine. The pattern of hydrogen bonds formed by STI-571 and the previously analyzed variant (6) are similar, and both lack the hydrogen bond corresponding to that formed by the amino group of adenine to the interlobe connector (a water-mediated hydrogen bond is formed instead). This results in STI-571 being bound more toward the mouth of the kinase domain (that is, displaced away from the interlobe connector) than is typically the case for small molecule inhibitors.
The outward displacement of STI-571 appears to be facilitated by the formation of a hydrophobic cage around the pyridine and pyrimidine ring systems of the drug. This cage is formed by a distorted structure adopted by the phosphate binding P-loop and by the activation loop of c-Abl. The P-loop, comprised of the first two ␤-strands of the N-lobe and the loop connecting them, is normally in an extended conformation. In the STI-571 complex (and in the complex with PD173955; see below) the loop adopts a compact structure that moves Tyr-253 over into close contact with the inhibitor. The hydrophobic cage is completed by resides Leu-370 and Phe-382. A similar hydrophobic cage has been seen previously in the structure of the fibroblast growth factor receptor bound to an inhibitor (22) .
The structure of the AblK:STI-571 complex is essentially the same as the structure of AblK:STI-571 (variant). The "left" half of the compound overlaps almost exactly but tilts slightly relative to the variant, beginning at the rightmost phenyl ring (Fig. 4A, left) . The piperazinyl ring (not present in the variant) lies along a partially hydrophobic pocket on the surface, making van der Waals interactions with Val-289, Phe-359, and Asp-381 and hydrogen bonds with the carbonyl oxygen atoms of Ile-360 and His-361. The presence of the piperazinyl ring does not change the conformation of the activation loop, and the mechanism of STI-571 inhibition derived from the AblK:STI-571 (variant) structure remains unchanged.
The kinase domain of c-Abl is about 47% identical in sequence to that of the Src family of tyrosine kinases. Src kinases cannot bind STI-571, even though most of the residues that make contact with the drug in c-Abl are conserved in Src kinases (4) . One explanation for this may be due to the differences observed in the inactive conformations of Src and Abl (Fig. 2) . It is possible that the activation loop of Src cannot adopt the conformation seen in inactive Abl, although why this is so is unclear. In both Src and Abl, the unphosphorylated 
on August 30, 2017. © 2002 American Association for Cancer cancerres.aacrjournals.org Downloaded from activation loop positions the site of activating tyrosine phosphorylation (Tyr-416 in Src and Tyr-393 in Abl) such that the tyrosine side chain points into the active site, blocking it. The difference is that in the c-Abl structure, the central portion of the activation loop closely mimics the binding of a peptide substrate to the kinase, whereas in Src kinases, it does not.
The conformation of the activation loop in Abl, including the peptide substrate-mimicking element, in general terms resembles the activation loop of unphosphorylated IRK (23) . Despite this similarity IRK is not able to bind STI-571 (4). A simple explanation for this is that Thr-315, which makes an important hydrogen bond with STI-571 in the c-Abl complex, is replaced by a bulkier methionine residue in IRK, which would occlude the STI-571 binding site. STI-571 binding is also prevented by a number of subtle differences in the positions of key residues in IRK that are likely to prevent the accommodation of STI-571. For example, Phe-1151 of the DFG motif in inactive IRK completely overlaps the pyrimidine ring of STI-571. Additionally, there are clashes between the piperazinyl ring and Phe-1128 of the catalytic loop. Finally, the conformations of the P-loops in IRK and Abl are quite distinct, and this causes Lys-1030 of IRK to collide with the compound.
Structure of Abl Kinase Domain Bound to PD173955. PD173955 is based on the pyrido-[2,3-d]pyrimidine series of compounds, where the name refers to the central bicyclic ring of the compound (Fig. 1b) . PD173955 has two substituents, a thiomethyl anilino on the left and a dichlorophenyl on the right, with reference to the orientation in Fig. 1b. PD173955 binds between the N-and C-lobes of the kinase domain. It is, however, a smaller molecule than STI-571 and does not reach as deeply into the kinase domain (Fig. 3A , right and Fig. 4A, right) . The pyrido-pyrimidine ring occupies the place of the pyrimidine and pyridine rings of STI-571, with the additional phenyl and thiomethyl extending outward to solvent. The dichlorophenyl ring occupies a similar position to the core phenyl ring of STI-571. Both compounds have this overlapping phenyl ring rotated such that the plane of the ring is perpendicular to the preceding parts of the compounds. The majority of the interactions between PD173955 and the protein are also mediated by van der Waals interactions (Fig. 3B, right) . Met-318, which hydrogen bonds to STI-571, also hydrogen bonds to PD173955, again through backbone interactions. These are the only hydrogen bonds that PD173955 makes with the protein. Thr-315, which makes an important hydrogen bond with STI-571, only makes van der Waals interactions with PD173955. The two chlorine atoms on the phenyl ring of PD173955 are buried inside the protein, making several van der Waals interactions with Val-256, Ala-269, and Ala-381. The thiomethyl on the other end of the compound is solvent exposed. A total of 913 Å 2 of surface area on the inhibitor is buried in the complex.
Conformation of Abl Kinase Domain in Complex with PD173955. The overall conformation of the kinase domain, including the interlobe orientation and the conformation of helix ␣C, is essentially identical in the STI-571 and PD173955 complexes. However, as noted earlier, the conformations of the activation loops are dramatically different (Figs. 3A and 4B) . Whereas in the AblK:STI-571 structure, this loop is folded in toward the protein (closed) and mimics substrate binding, in the AblK:PD173955 structure, the loop protrudes outward in an extended conformation (open) and resembles that of an activated kinase (20) . Beginning at the highly conserved Asp-Phe-Gly (DFG) motif, the loops of AblK:STI-571 and AblK:PD173955 diverge. Asp-381 of AblK:STI-571 continues inward toward the protein, whereas in AblK:PD173955, it extends away from the protein.
The loops then meet again at Although the open conformation of the activation loop seen here resembles that seen in the structure of active kinases such as Lck, the DFG motifs are quite different (Fig. 4B, middle and right) . Again, beginning at Asp-381 (Asp-382 in Lck), the residues kink in opposite directions such that Phe-383 in Lck occupies the space of Asp-381 in AblK:PD173955 and vice versa. Following this, the loops follow essentially the same path. The sites of phosphorylation in the activation loops, Tyr-393 in Abl and Tyr-394 in Lck, have essentially the same conformation. In Lck, Tyr-394 is phosphorylated and makes critical hydrogen bonds with the side chain of Arg-387, which presumably stabilizes the open conformation. In Ablk:PD173955, Tyr-393 is not phosphorylated and does not make any hydrogen bonds. Arg-386 (equivalent to Arg-387 in Lck) has weak electron density, points into the solvent, and does not contribute to the stabilization of the open conformation. This suggests that the c-Abl kinase domain, at least in isolation, can achieve the open conformation in the absence of phosphorylation, although in solution this conformation is probably short-lived relative to a Tyr-393-phosphorylated state due to the lack of ionic stabilizing interactions between phosphorylated Tyr-393 and Arg-386.
Differences between the Recognition of STI-571 and PD173955 by Abl Kinase. Although STI-571 and PD173955 bind to essentially the same site in Abl kinase, the difference in size of the compounds imparts differences in binding characteristics. Interestingly, a total of 21 protein residues interact with STI-571, compared to only 11 residues with PD173955 ( Fig. 3B ), yet PD173955 is found to be significantly more inhibitory. Thus, the extent of the binding interface (1251 Å 2 for STI-571 and 913 Å 2 for PD173955), which is often correlated with binding energy, cannot explain the greater potency of PD173955.
To reconcile this, we modeled PD173955 and STI-571 into both the open and closed conformations of Abl. The model of PD173955 in the structure of the inactive conformation of Abl reveals that it can nestle into the binding pocket without any major clashes with protein atoms (Fig. 5A) , although minor adjustments of the P-loop are necessary. This loop is known to be highly flexible in kinases due to its high glycine content. As suggested in the AblK:STI-571 (variant) structure, the conformation of the P-loop is likely induced by the presence of the inhibitor. In this case, a small shift in the position of Tyr-253 is required to accommodate the additional sulfur-containing phenyl group of PD173955, which faces solvent.
In marked contrast, STI-571 cannot be accommodated in the form of Abl that PD173955 recognizes (Fig. 5B) . Beyond the secondary amino group of STI-571, both the phenyl ring and piperazinyl ring collide with residues of the activation loop in the open conformation, most notably Asp-381 and Leu-384. Thus, PD173955 can probably bind to Abl regardless of the conformation of the activation loop, whereas STI-571 requires that the activation loop be in the observed closed conformation. Once STI-571 is bound to Abl, it jams between the activation loop and helix ␣C, preventing the activation loop from changing conformation. For the PD173955 compound, the smaller size of the compound prevents the activation loop from being jammed. The fact that only the open conformation of the activation loop is observed in the structure of Ablk:PD173955 is perhaps a consequence of the requirements for crystal lattice formation. In solution, the isolated kinase domain of Abl probably exists in dynamic equilibrium between open and closed conformations of the activation loop.
To test whether PD173955 is sensitive to activation loop phosphorylation, we performed a kinase inhibition assay with varying concentrations of PD173955 and STI-571, using both phosphorylated and unphosphorylated forms of the kinase domain of Abl. We have previously shown that STI-571 is an effective inhibitor only when the kinase is unphosphorylated (6) . Based on the above modeling, we expect PD173955 to be insensitive to the phosphorylation state of Abl. Our results indicate that this is indeed the case. In the presence of STI-571, pAbl displays significant levels of kinase activity (i.e., STI-571 is only weakly inhibitory). Only upon dephosphorylation of Abl does STI-571 display significant inhibitory action (Fig. 6A) , as seen previously (6) . In contrast, the inhibition profile of PD173955 shows that the drug is effective against Abl regardless of its phosphorylation state (Fig. 6B) . Furthermore, based on the inhibition curves, it was found that PD173955 is much more potent than STI-571, inhibiting Abl with an IC 50 of about 5 nM (independent of the phosphorylation state), whereas STI-571 inhibits Abl at approximately 100 nM (dephosphorylated Abl only). This suggests that although PD173955 makes fewer contacts with Abl, it inhibits more potently because it can recognize multiple forms of the kinase. STI-571, on the other hand, requires a specific conformation of the kinase before it can bind. A portion of the binding free energy of STI-571 to Abl may be used to stabilize an otherwise flexible unphosphorylated activation loop, resulting in a less-than-expected observed affinity. With PD173955, only the ATP-binding pocket is obscured, and the activation loop likely remains flexible in the presence of the drug. If it were possible to isolate the Abl kinase domain in only the observed closed conformation, one might expect that the affinity of STI-571 for such a "frozen" Abl would likely surpass the affinity of PD173955 for Abl because STI-571 interacts so much more extensively with the kinase.
Phosphorylation Switch of the Abl Kinase Domain. In CML cells, c-Abl is fused with Bcr, causing it to be constitutively active. Thus, the activation loop in Bcr-Abl would, for the most part, be phosphorylated and in the open conformation. Given that STI-571 cannot recognize this open conformation, how then does STI-571 achieve its great inhibitory effect? One possibility is that the phosphorylation state of the activation loop is dynamic. The action of cellular phosphatases constantly counteracts the kinase activity of the Bcr-Abl complex, and when the activation loop is transiently dephosphorylated, STI-571 can bind and inactivate the kinase. Another possibility is that STI-571 traps newly synthesized Bcr-Abl and shuts off its phosphorylation capability early on. PD173955, on the other hand, can probably inhibit Bcr-Abl regardless of the phosphorylation state it is in.
It is hoped that by understanding how small molecule inhibitors such as STI-571 and PD173955 exert their influence at the molecular level, we can gain insight into making rational modifications to them in the hopes of producing drugs for improved leukemia therapy. 
